One of the factors that limit the spatial resolution in atomic force microscopy (AFM) is the physical size of the probe. This limitation is particularly severe when the imaged structures are comparable in size to the tip's apex. The resolution in the AFM is usually enhanced by using sharp tips with high aspect ratios. In the present paper we propose an approach to modify AFM tips that consists of depositing nanoclusters on standard silicon tips. We show that the use of those tips leads to atomic force microscopy images of higher aspect ratios and spatial resolution. The present approach has two major properties. It provides higher aspect-ratio images of nanoscale objects and, at the same time, enables to functionalize the AFM tips by depositing nanoparticles with well-controlled chemical composition.
I. INTRODUCTION
The spatial resolution of nanoscale structures in the atomic force microscopy (AFM) is highly dependent on the geometry of the tips. The convolution of the tip and structure geometries [1] [2] [3] [4] [5] [6] [7] [8] determine the final image. As a consequence the measured lateral size is usually larger than the true size. Furthermore, this effect could lead to a loss in spatial resolution 6, 7 (see Fig. 1 ). The lateral resolution l between two sharp features imaged by a parabolic tip with end radius R can be defined 6, 7 as
where h is the height difference existing between the adjacent features and δh r is the vertical resolution. Tips with higher aspect ratios (ratio between the height and the width of the tips apex) enable improving spatial resolution and contrast. Hence the geometry of the tips for scanning probe microscopies is a key point and the fabrication of high-aspect-ratio tips is an important issue for these techniques and, in particular, for AFM. Usually the AFM tips are pyramids with square bases and a mean radius of around few nanometers. The tips can be excited to their resonant frequency in the so-called dynamic modes, where contact between tip and sample is reduced, and therefore, tip and sample life can be extended. [9] [10] [11] [12] [13] [14] Silicon tips with higher aspect ratios are also available, although their individual processing by ion milling, for example, drastically increases their cost and their fragility as compared to etched silicon tips. Several alternative procedures have been developed to either reduce the tips radius and/or to get better aspect ratios. 12, [15] [16] [17] [18] The formidable aspect ratio as well as the small diameter of single wall carbon nanotubes (SWCNTs) makes them seemingly ideal candidates for AFM imaging. 16, 18, 19 Advanced AFM users very often modify the tips in order to functionalize them for specific applications and measurements. 20, 21 This is also the case in magnetic force microscopy, 22, 23 where the silicon tips are coated with a magnetic material with defined magnetic properties such as coercive field. These tip modifications are not oriented to increase the aspect ratio of the tips but rather to provide them with other physical properties of interest such as magnetic or piezoelectric interactions through the modification of the chemical composition. 24 Furthermore, the modification processes to reach specific physical properties can reduce the aspect ratio. 25, 26 Here we present a new method for both the functionalization and reduction of the final radius of tips that can be used in scanning probe microscopies. We will focus our study on the increase of the aspect ratio of the imaged nanostructures through the modification of silicon tips by deposition of nanoclusters under ultrahigh vacuum (UHV) conditions using an ion cluster source (ICS). 27 A significant increase of the resolution can be obtained by depositing nanoparticles of a few nanometers diameter that are located at the end of the tips and act as the ultimate atomic force probe. The measured objects interact primarily with the part of the tip that is closer to the surface, i.e., in the case of the modified tips, with the deposited nanoparticle that is emerging from the tip. Reducing the size of the probe leads to an enhancement of the resolution that together with the ability to tune the physical and chemical properties of the tips by depositing nanoparticles with controlled and variable chemical composition 28 are the main properties of the present tips modification method.
II. EXPERIMENTAL DETAILS
All the AFM tips were purchased from Nanosensors 29 (Pointprobe-Plus noncontact/tapping mode high resonance frequency, resonant frequency: 270-310 kHz, and nominal force constant: 10-130 N/m), and the AFM measurements were performed in the amplitude modulation AFM mode using a Nanoscope IIIa (Veeco Instruments). 30 Some tips were used directly to record reference images on selected areas of reference patterns. It should be noted that the standard silicon tips have aspect ratios that can change from tip to tip even in the same production series. In our case we have tested a series of standard silicon tips and used only the standard silicon tips with the best performances. AFM images were recorded on the same areas with other AFM tips that were previously modified by depositing a multilayer of nanoclusters using an ion cluster source 31 attached to an UHV chamber. In this UHV chamber the base pressure was in the middle 10 −10 mbar and in the middle 10 −5 mbar during the deposition of the clusters. The tips were transferred into the UHV chamber through a fast entry chamber. Series of depositions on the tips were performed in order to deposit nanoclusters of nominal diameter of 2-3 nm and 6-7 nm (from now on called T-3nm and T-7nm). The different parameters of the ICS (mainly He and Ar fluxes, applied magnetron power, and aggregation length) were adjusted to obtain the desired diameters, and the size of the clusters was checked systematically. The target material used in the magnetron was Co 95 Au 5 . Several tests performed with different coverages of nanoparticles have shown that the minimum nominal cluster coverage is around five monolayers of clusters on the AFM tips. Lower coverages lead to nonreproducible tips, i.e., tips that not always allow an increased lateral resolution when performing imaging. This is due to the fact that the spatial distribution of the nanoparticles is random, and therefore, a minimum of five nanoparticle-layer (nominal coverage) is needed in order to ensure that the very end of the apex is covered by at least one particle in most of the cases. The formation of double tip was observed in a very limited number of modified tips. As with standard tips, a double tip could be "repaired" by briefly pushing the tip into the surface using a small and controlled force.
The chosen patterns for the measurements were zerodimensional, one-dimensional, and two-dimensional systems that have low dimensional structures that are frequently measured in AFM. In our case we have measured the following systems: (1) submonolayer of 10 nm diameter Co 95 Au 5 clusters deposited on a flat silicon wafer surface, (2) single wall carbon nanotubes deposited on a flat silicon wafer, 32 and (3) ordered macroporous Ce-Zr mixed oxides. 33, 34 The images were taken at a scanning rate of 1 Hz, with a pixel resolution of 512 × 512 in the X and Y axes and 1 μm × 1 μm scanning size. In some cases, a zoom of the desired area has been taken from the original picture in order to get a clearer view of the region of interest.
III. RESULTS AND DISCUSSION
We will first focus on the evolution of the AFM images recorded on the 10 nm diameter clusters (nominal value) deposited on a flat silicon surface. Note that the nanoclusters deposited on the silicon surface are the same type of clusters that have been deposited on the tips, although the nominal size is different. The images are displayed in Fig. 2 and correspond to (a) AFM image recorded with a standard nonmodified (commercial) silicon tip, (b) AFM image recorded with the T-7nm nanocluster tip (silicon tip covered with 6-7 nm nanoparticles), and (c) AFM image recorded with the T-3nm nanocluster tip (silicon tip covered with 2-3 nm diameter nanoparticles). The imaged areas are the same in all the three images displayed in Fig. 2 . A reduction in the feature size and an increase of the in-plane contrast and resolution are appreciated in the AFM images from top to bottom. Several features of the image recorded with the nonmodified tip exhibit more complex structures when measured with the modified tips. This is the case of the nanoparticle that is indicated in the square frame. This nanoparticle presents a structure that is hardly distinguishable in Fig. 2(a) ; however, four minor features are clearly resolved in Fig. 2(b) and well defined in Fig. 2(c) , where five nanoparticles are observable. Also better resolved in Fig. 2(c) is the nanostructure inside the marked circle. In Fig. 2(a) , such nanostructure appears as a broad aggregate, while the use of a sharper tip reveals the presence of six nanoparticles [ Fig. 2(c) ]. Note that this structure appears displaced in Fig. 2(b) . The displacement of the nanostructures can also be observed in other regions of the images. It could be attributed to a tip effect, although the measurements have been performed by applying a low force. We have to bear in mind that the imaged nanoparticles are similar to the ones attached to the tip, so it is likely that some of them can be dragged away while scanning. It therefore appears that the nanostructures become better resolved by decreasing the diameter of the nanoclusters deposited on the corresponding silicon tips. Consequently, the deposition of nanoclusters on the standard silicon tips induces an increase of the resolution in the AFM imaging. In order to quantify such effect, selected profiles represented by dashed lines in Fig. 2(a) have been extracted and are presented in Fig. 3 [profiles A , B, and C were extracted from Figs. 2(a), 2(b) and 2(c), respectively].
In Fig. 3(a) it can be observed that the resolution increases from profile A to profile B, where the structures between 80 and 140 nm are resolved when the image is recorded with the T-7nm, while those structures are not resolved with the nonmodified tip. The effect of the modification of the tip on the resolution is even higher when depositing nanoparticles of 2-3 nm diameter. This can be appreciated when comparing profiles B and C in Fig. 3(a) , where the structures between 80 and 140 nm are resolved in profile C with a well defined separation at 125 nm. The aspect ratio of the imaged nanostructures is also improved with the nanoscluster tips. This effect can be appreciated with the profiles of Fig. 3(a) , where in profile C the tip reaches the flat silicon wafer substrate, as can be observed at distances at around 70, 125, 190, and 250 nm, while this is not the case for profile A. As expected, profile B is an intermediate stage between profiles A and C. This shows that the resolution is directly correlated with the size of the nanoparticles deposited on the silicon tips apex. The clear distinction between features close to each other as a function of the size of the nanoparticles deposited on the tips can also be observed in Fig. 3(b) , where we display the profiles of point 2 [cf. Fig. 2(a) ]. As can be observed, while profile A shows a broad structure, profiles B and C allow a clear distinction between the two nanoparticles in the profile. In Fig. 3(c) we present the profiles extracted from point 3 of Fig. 2(a) . The full width at half maximum (FWHM) has been estimated for each profile assuming a Gaussian fit. Compared to the structure of profile 1 [cf. Fig. 3(a) ], the size of the feature of profile 3 is relatively large. Nevertheless, the effect of the different tips is still clearly observable. The use of a tip covered with 6-7 nm nanoparticles induces a reduction of 22% of the apparent diameter of the measured feature, and the use of a tip covered by 2-3 nm nanoparticles induces an additional reduction of the apparent diameter by 8%. This increase of the resolution as a function of size of nanoparticles deposited on the tips clearly shows that the effect on the resolution is associated with the deposited nanoparticles and their diameter.
So far we have studied the performance of the nanoclusters tips on the resolution of the images acquired on zero-dimensional systems (nanoparticles deposited on a flat silicon wafer). We will now focus on the evolution of the resolution when measuring well defined one-dimensional structures such as SWCNTs deposited on a flat silicon wafer. In this case, the diameter of the structure is well defined 35 and the SWCNTs are anchored to the silicon surface by electrostatic forces through the use of an appropriate layer of molecules. 36 Such electrostatic anchoring is likely to prevent their displacement during the measurement in the amplitude modulation AFM mode.
The AFM images were recorded with the nonmodified and nanoparticle coated tips. In the case of SWCNT deposited on a flat silicon surface, no drastic enhancement of the resolution in the AFM images could be directly observed, probably due to the very low dimensions of the measured objects. We therefore present only the image measured with the T-3nm that is displayed in Fig. 4(a) . Measurements have been performed on many different areas of the sample, and the analysis of the effect of the modification of the tips has been performed on many SWCNTs. The results presented in Fig. 4 are representative of all these measurements and analysis. In Fig. 4(a) we have highlighted two cross-section points (labeled 1 and 2) where profiles have been extracted and represented in Figs. 4(b) and 4(c) , respectively. When performing such profiles, the difficulties arise from the fact that the measured structures are very small and the choice of the crosssection point is mandatory in order to obtain profiles with relatively flat background where the relevant information on the FWHM can be extracted in a reliable way. This has been performed in profiles of Figs. 4(b) and 4(c). These profiles are representative of other profiles that have been measured at other cross-section points and that gave similar results. Profiles of Fig. 4(b) have been performed on the thinnest SWCNT of Fig. 4(a) . The height of the profiles, which is 1.0-1.2 nm, suggests that the measured structure corresponds to an isolated SWCNT. From the Gaussian fits, FWHM of 14.7 and 10.8 nm is extracted from the AFM images recorded, respectively, with the nonmodified tip and the T-3nm. This result confirms the enhanced resolution obtained with the nanoparticle coated tips. Profiles of Fig. 4(c) are representative of those extracted from the bigger structure present in Fig. 4(a) . From the height of the profiles (2.7-3.1 nm) it is suggested that such structure corresponds to three SWCNTs piled up, as depicted in Fig. 4(c) . Also the shoulders in the profiles of Fig. 4(c) suggest the presence of such pile up of three SWCNTs. Assuming such a structure, the profiles have been fitted with three Gaussian components. The width of the Gaussian components of each profile has been fixed to the same value. This resulted to a FWHM of each component to 12.5 and 10.4 nm for profiles extracted from images recorded with the nonmodified tip and 3-nm AFM tip, respectively. In Fig. 4(b) the reduction of the FWHM of the measured SWCNT (comparing the measurements performed with the nonmodified tip with those performed with the T-3nm) is approximately 26%, which is very similar to the reduction of the FWHM observed in the case of zero-dimensional structures. The observed reduction of the FWHM in other cross-section points of the SWCNT was ranging from 14% to 37 % in the best cases. When comparing the FWHM of the SWCNT measured with the nonmodified tip and the T-7nm, the reduction was found to be 19% in the best cases.
Finally, we have also recorded AFM images on a two-dimensional system made of ordered macroporous Ce-Zr mixed oxides 33, 34 that display an hexagonal array. The corresponding images are displayed in Fig. 5 . Here, we display only the image recorded with the standard silicon tip (top image) and the T-3nm (bottom image). The imaged areas are the same in all the two images displayed in Fig. 5 . A qualitative enhancement of the resolution of the recorded image is again appreciable by the use of the modified tip. The walls that separate the hexagons are better defined in the bottom image. This effect is quantified by means of profiles that are displayed in Fig. 6 and correspond to the lines depicted in Fig. 5(a) . Profile 1 is represented in Fig. 6(a) . In Fig. 6 an offset has been applied in order to facilitate the comparison. It clearly appears that curve B is narrower than curve A as a result of a better resolution. The enhancement of the resolution is better appreciated in profile 2, where we have fitted the curves using a Gaussian function (cf. Fig. 6 ). It appears that the FWHM is drastically reduced by more than 50% with the use of a modified T-3nm. These results confirm that the proposed procedure to enhance the resolution of the AFM measurements is also applicable to two-dimensional systems. It should be mentioned that in this paper we have chosen to deposit nanoparticles as small as 2-3 nm diameter, but the parameters of the ion cluster source can be adjusted to produce smaller nanoparticles that could be deposited on tips to push forward the resolution of the measurements. It is also interesting to note that the use of tips covered by well-defined nanoclusters allows a better reproducibility of the measurements compared to the standard silicon tips whose shape might vary from tip to tip. We also note that the lifetime of the tips is increased after deposition of the nanoparticles.
IV. CONCLUSIONS
We have studied the performance of tips modified by the deposition of nanoparticles on standard silicon tips. By imaging zero-, one-, and two-dimensional structures we have shown that the use of tips coated with either nanoparticles of 6-7 nm or 2-3 nm in nominal diameter produces a significant enhancement of the features' aspect ratio. Additionally, we have demonstrated that the effect on the lateral resolution is directly correlated with the size of the nanoparticles that are deposited on the tips. Smaller nanoparticles produce images with higher aspect ratios. The presented tips modification method represents an alternative for the generation of highaspect-ratio tips for high resolution measurements. It should be mentioned that the modification of tips by depositing nanoclusters is a "one step process" that does not need any additional chemical of physical process. Furthermore, the ability to tune the chemical composition of the deposited nanoparticles implies that the technique can be extended for specific measurements in other force microscopy techniques such as magnetic force microscopy.
